Cavity-QED entangled photon source based on two truncated Rabi
  oscillations by Garcia-Maraver, R. et al.
ar
X
iv
:q
ua
nt
-p
h/
06
05
07
5v
2 
 3
0 
M
ay
 2
00
6
Cavity-QED entangled photon source based on
two truncated Rabi oscillations
R. Garc´ia-Maraver, K. Eckert, R. Corbala´n, and J. Mompart1
1Departament de Fi´sica, Universitat Auto`noma de Barcelona, E-08193 Bellaterra, Spain
(Dated: October 17, 2018)
Abstract
We discuss a cavity-QED scheme to deterministically generate entangled photons pairs by using
a three-level atom successively coupled to two single longitudinal mode high-Q cavities presenting
polarization degeneracy. The first cavity is prepared in a well defined Fock state with two photons
with opposite circular polarizations while the second cavity remains in the vacuum state. A half-
of-a-resonant Rabi oscillation in each cavity transfers one photon from the first to the second
cavity, leaving the photons entangled in their polarization degree of freedom. The feasibility of this
implementation and some practical considerations are discussed for both, microwave and optical
regimes. In particular, Monte Carlo wave function simulations have been performed with state-of-
the-art parameter values to evaluate the success probability of the cavity-QED source in producing
entangled photon pairs as well as its entanglement capability.
PACS numbers: 42.50.Pq, 03.67.Mn, 32.80.-t
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I. INTRODUCTION
Entanglement is a quantum correlation without classical counterpart that appears in
composite quantum systems and constitutes one of the main resources in quantum commu-
nication and quantum information processing. In particular, entangled photon pairs have
been considered for testing quantum mechanics against local hidden variable theories [1] as
well as for quantum information applications such as teleportation [2], dense coding [3], and
quantum key distribution (QKD) [4]. In fact, the main issue in cryptography is the secure
distribution of the encoding key between two partners. For this purpose, quantum cryp-
tography renders two classes of protocols [5, 6, 7] based, respectively, on superposition and
quantum measurement, and entanglement and quantum measurement that, under certain
requirements, are proven to be unconditionally secure by physical laws. Thus, superposition
based protocols require the use of a deterministic single photon source to be unquestionably
safe under attacks of a third party. In fact, the first implementation of the BB84 protocol
[5] using a true single photon source was reported only recently [8].
On the other hand, entanglement based protocols were first considered by A. Ekert [7]
and have been experimentally implemented by means of parametric down converted pho-
tons generated in non-linear crystals [9, 10, 11]. In all these cases the statistics of the
photon number and time distributions follows, essentially, a poissonian law. Therefore, in
order to reduce the number of multiphoton pairs, the average photon number has to be
much less than one which, in turns, strongly reduces the key exchange rate. Hence, one
of the practical issues in entanglement based quantum cryptography presently attracting
more attention [12, 13] is the development of light sources that emit deterministically single
entangled photon pairs at a constant rate. In this context, we will discuss in this paper a
cavity quantum electrodynamics (cavity-QED) proposal for the deterministic generation of
polarization entangled photon pairs.
Cavity-QED with Rydberg atoms crossing superconducting microwave resonators [14, 15]
or a single atom/ion strongly coupled to a high-Q optical cavity [16, 17, 18, 19] provide
close to ideal physical systems for quantum state engineering of both, the atom’s electronic
degrees of freedom and the intracavity field [15, 20, 21]. We propose here a cavity-quantum
electrodynamics (cavity-QED) implementation [14, 15, 18, 19, 20, 22] that, making use of
a three-level atom coupled successively to two high-Q cavities, allows for the deterministic
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generation of polarization entangled photon pairs. The initial separable state of the system
composed of the atom and the two degenerate modes of each cavity is choosen such that
the relevant couplings of the system can be reduced to those of a three-level interaction
between the initial state and a bright state [23] involving the two excited atomic states
and the modes of first cavity, and thereafter between this bright state and the polarization
entangled photon state. Thus, the entangling mechanism consists in the implementation of
two spatially separated π-Rabi oscillations with the two polarization modes of each cavity
such that the atom transfers one photon from the first to the second cavity while entangling
their polarization degree of freedom.
In Section II we present the physical model under investigation while the entangling
mechanism is sketched in Section III. In Section IV we introduce the Hamiltonian of the
system and discuss its coherent dynamics. Effects of decoherence are taken into account
by means of the Monte Carlo wave function approach in Section V. Several figures of merit
describing the entanglement capability of the cavity-QED source are introduced and evalu-
ated in Section VI. In Section VII we briefly discuss the main physical requirements of our
implementation. Finally, we present the conclusions of this article in Section VIII.
II. PHYSICAL FRAMEWORK
The physical system under study is sketched in Fig. 1. It consists of a three-level atom or
ion with its two electric dipole allowed transition frequencies denoted by ωac and ωbc and two
high-Q cavities labeled 1 and 2, both supporting a single longitudinal mode of equal angular
frequency ωc and displaying polarization degeneracy, i.e., we deal with one three-level atom
and four cavity modes for the e.m. field. The optical axes of the cavities will be taken as
the quantization axis for the angular momentum.
We assume that the atomic transitions |c〉 ↔ |a〉 and |c〉 ↔ |b〉, satisfying the electric
dipole selection rules, are coupled to the longitudinal optical mode of each cavity via the
two opposite circular polarizations σ±, e.g., a J = 0 to J = 1 transition. The strength of
the couplings is given by [24]
Ωi±(t) =
√
(2gi±(t)
√
ni± + 1)2 +∆2±, (1)
where i = 1, 2 indexes the cavity, and± the polarization. gi±(t) is the vacuum Rabi frequency
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FIG. 1: Setup for the generation of polarization entangled photon pairs. It consists of a three-level
atom or ion with electric dipole transitions frequencies ωac and ωbc coupling, respectively, to the
σ+ and σ− circular polarizations of each of the two high-Q cavities. Both cavities support the
same single longitudinal mode frequency ωc. κi± with i = 1, 2 is the photon decay rate through
the mirrors for the σ± circular polarization of the corresponding cavity.
of the respective cavity mode, ni± is the number of photons in the corresponding cavity mode,
and ∆+ ≡ ωc−ωac and ∆− ≡ ωc−ωbc are the detunings. We will consider next the completely
symmetric case given by ∆+ = ∆−(≡ ∆) and gi+ = gi−(≡ gi) and, eventually, we will take
into account experimental imperfections that relax the former symmetry conditions.
III. ENTANGLING MECHANISM
We assume the ability to prepare the intracavity fields in a Fock state [15] and take |ψ(t =
0)〉 = a†1+a†1−|Ω〉 ≡ |I〉 as the initial state of the system with |Ω〉 ≡ |c〉⊗|Ω〉1⊗|Ω〉2. |Ω〉i is the
two mode vacuum state of cavity i, with a†i± (ai±) being the photon creation (annihilation)
operator in the corresponding cavity mode. We denote the two atomic lowering operators
as S+ = |c〉〈a| and S− = |c〉〈b|. Then, to generate a single entangled photon pair, we
will assume first that the system is initially prepared into the separable state |I〉, i.e., the
atom is in the ground state and the e.m. field is in a Fock state with cavity 1 confining
one σ+-circularly polarized photon and one σ−-photon, and cavity 2 containing no photons.
Second, the atom interacts with the e.m. field of cavity 1 where it can likewise absorb the
σ+ or the σ− photon. This dynamics can be easily understood in terms of the bright-dark
states [23]. In fact, under the two-photon resonance condition, i.e., ∆+ = ∆−, state |c〉
couples only to the particular combination of states
√
2|B〉 ≡
(
S†+a
†
1− + S
†
−a
†
1+
)
|Ω〉, the
bright state, while remaining uncoupled, due to destructive interference, to the dark state,
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FIG. 2: States of the system formed of the three-level atom and the two modes of each cavity
grouped into manifolds (ellipses) according to Hamiltonian (2-4). Only the lowest energy manifolds
are shown. In the absence of incoherent processes, the continuous coherent evolution in each
manifold is decoupled from the rest. gi(t) is the quantum Rabi frequency of cavity i and |Ω〉 ≡
|c〉 ⊗ |Ω〉1 ⊗ |Ω〉2, being |Ω〉i the two mode vacuum state of cavity i = 1, 2.
√
2|D〉 ≡
(
S†+a
†
1− − S†−a†1+
)
|Ω〉. Therefore, this three-level system behaves effectively as
a two-level system with Rabi oscillations occurring between states |I〉 and |B〉. With this
picture in mind, the strength of the coupling and/or the interaction time in cavity 1 must
be adjusted to yield half-of-a-resonant Rabi oscillation such that, after this process, the
population is completely transferred from |I〉 to |B〉. Except for a global phase, the final
state of the system after this step is
√
2|B〉 =
(
S†+a
†
1− + S
†
−a
†
1+
)
|Ω〉.
Third, the atom interacts with the vacuum modes of cavity 2. The strength and interac-
tion time is taken now such that the excited atom yields a photon in this cavity, i.e., again
half of a Rabi oscillation is performed. In fact, the two pathways S†+a
†
1−|Ω〉 → a†2+a†1−|Ω〉
and S†−a
†
1+|Ω〉 → a†2−a†1+|Ω〉 add constructively to yield the following final state:
√
2|E+〉 ≡(
a†2+a
†
1− + a
†
2−a
†
1+
)
|Ω〉. Hence, at the end of the overall process, if the σ− photon remains
in cavity 1 then the σ+ photon has been transferred to cavity 2 and vice versa. Therefore,
the polarization modes of the first cavity become entangled with those of the second cavity.
Note that by associating one qubit to each cavity such that state |0〉 of the qubit corre-
sponds to having a σ+ photon and state |1〉 to having a σ− photon in the cavity, the final state
of the cavity field corresponds to the two-qubit Bell state |ψ+〉 = 1√
2
(|1〉 ⊗ |0〉+ |0〉 ⊗ |1〉).
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IV. DYNAMICS OF THE SYSTEM
In what follows we will analyze in detail the dynamics of the entanglement mechanism.
To check the validity of the previous proposal we integrate the Schro¨dinger equation of the
full system composed of the three-level atom and the four e.m. modes. With this aim, we
write down the Hamiltonian of the full system in the rotating wave approximation (h¯ = 1),
HT = H0 +HI , (2)
H0 =
∑
i=1,2
ωc
(
a†i+ai+ + a
†
i−ai−
)
+
∑
j=a,b
ωjc|j〉〈j| (3)
HI =
∑
i=1,2
gi
(
a†i+S+ + ai+S
†
+ + a
†
i−S− + ai−S
†
−
)
(4)
Fig. 2 shows the energies and couplings arising from Eqs. (2-4). The states coupled by the
Hamiltonian have been grouped into manifolds ξ0, ξ1−, ξ1+, ξ2...., labelled by the excitations,
such that each manifold is decoupled from the rest. In the absence of decoherence, if the
system starts in a certain state of a given manifold it will remain there during all its coherent
evolution. Therefore, by taking |I〉 = a†1+a†1−|Ω〉 as the initial state of the system, we can
restrict ourselves to investigate the evolution of the system in manifold ξ2. In the interaction
picture, the Hamiltonian of the system restricted to ξ2 takes the form:
H = g1e
−i∆+tS†+a
†
1− |Ω〉 〈I|+ g1e−i∆−tS†−a†1+ |Ω〉 〈I|+
g2e
−i∆+tS†+a
†
1−|Ω〉〈Ω|a2−a1+ + g2e−i∆−tS†−a†1+|Ω〉〈Ω|a2+a1− + h.c. (5)
Let us consider now the alternative basis of ξ2 given by states:
|I〉 ≡ a†1+a†1−|Ω〉, (6)
√
2|B〉 ≡
(
S†+a
†
1− + S
†
−a
†
1+
)
|Ω〉, (7)
√
2|D〉 ≡
(
S†+a
†
1− − S†−a†1+
)
|Ω〉, (8)
√
2|E+〉 ≡
(
a†2+a
†
1− + a
†
2−a
†
1+
)
|Ω〉, (9)
√
2|E−〉 ≡
(
a†2+a
†
1− − a†2−a†1+
)
|Ω〉. (10)
Notice that in both states |E+〉 and |E−〉 the atom factorizes and the cavity fields are
entangled according to the |ψ+〉 and |ψ−〉 Bell states, respectively. Using Eqs. (6-10),
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Hamiltonian (5) can be rewritten as:
H =
(√
2g1|B〉〈I|+ g2|B〉〈E+|+ g2|D〉〈E−|
)
× cos ((∆− −∆+) t/2)
+
(√
2g1|D〉〈I|+ g2|B〉〈E−|+ g2|D〉〈E+|
)
× sin ((∆− −∆+) t/2) + h.c. (11)
|I〉|E+〉 |E−〉
|D〉|B〉
√
2g1g2 g2
0
∆
FIG. 3: The manifold ξ2 of Fig. 2 expressed in terms of the states of the basis given in Eqs. (6-10)
and under the two-photon resonance condition.
Therefore, under the two photon resonance condition, ∆+ = ∆− ≡ ∆, one finds that
|D〉 is uncoupled from the initial state, i.e., 〈D|H|I〉 = 0. Also 〈B|H|E−〉 = 〈D|H|E+〉 =
0. The remaining couplings have been schematically represented in Fig. (3). In this case
Hamiltonian (11) simplifies to:
H =
√
2g1 e
−i∆t |B〉 〈I|+ g2 e−i∆t|B〉〈E+|+ g2 e−i∆t|D〉〈E−|+ h.c. (12)
This suggests to shape g1(t) and g2(t) such that the system is transfered from |I〉 to |B〉 in
the first cavity and from |B〉 to the entangled state |E+〉 in the second cavity. Explicitly, the
dynamical evolution of the system will be obtained by integrating the Schro¨dinger equation
with Hamiltonian (12). For the sake of making the discussion analytical, let us consider first
that gi (i = 1, 2) is constant in time and different from zero only during a time interval of
duration ti. These two time intervals do not overlap and coupling occurs first in cavity 1.
Therefore, in cavity 1, the system evolves in time according to
|ψ(t)〉 = e−i∆t/2
[−i2√2g1
ΩB
sin(ΩBt/2)
]
|B〉
+ei∆t/2
[
cos(ΩBt/2)− i ∆
ΩB
sin(ΩBt/2)
]
|I〉 (13)
where ΩB =
√
8g21 +∆
2 is the generalized Rabi frequency. From Eq.(13) it is inferred that
if the single photon resonance condition is fulfilled, i.e., ∆ = 0, population is completely
transferred from |I〉 to |B〉 if ΩBt1 = π, i.e., whenever half of a Rabi oscillation (a π-pulse)
between these two states takes place. In this case, the quantum state will be:
|ψ(t1)〉 = −i|B〉 = − i√
2
(
S†+a
†
1− + S
†
−a
†
1+
)
|Ω〉 (14)
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FIG. 4: (a) Coherent time evolution of the population of states: |I〉 (solid curve), √2|B〉 ≡(
S†+a
†
1− + S
†
−a
†
1+
)
|Ω〉 (dashed curve), and √2|E+〉 ≡
(
a†2+a
†
1− + a
†
2−a
†
1+
)
|Ω〉 (dotted curve) ver-
sus dimensionless time gt. (b) Time dependent generalized Rabi frequencies in dimensionless units
for cavity 1 (solid curve) and cavity 2 (dashed curve). Parameters are: ∆+ = ∆− = 0, gtf = 0.111,
gt1 = 1.110 and gt2 = 1.570. g is the vacuum Rabi frequency at the center of each cavity mode. A
gaussian temporal profile has been assumed for the coupling strength (see Eq.(17)).
After a time tf of free evolution, the atom interacts with the vacuum modes of cavity 2 and
the system evolves according to:
|ψ(t)〉 = e−i∆t′/2
[
− 2g2
Ω2
sin(Ω2t
′/2)
]
|E+〉
−e
i∆t′/2
2
[
i cos(Ω2t
′/2) +
∆
Ω2
sin(Ω2t
′/2)
]
|B〉 (15)
being Ω2 =
√
4g22 +∆
2 the generalized Rabi frequency in the second cavity and t′ = t −
(t1 + tf ). On single-photon resonance (∆ = 0), if the interaction in the second cavity lasts
a time t2 fulfilling Ω2t2 = π, then the population will be completely transferred from |B〉 to
|E+〉:
|ψ(t1 + tf + t2)〉 = −1√
2
(
a†2+a
†
1− + a
†
2−a
†
1+
)
|Ω〉
= −|E+〉 (16)
To be more realistic, we will consider next a gaussian profile for the atom-field interaction
of the form:
gi(t) = ge
−(t−t˜i)2/τ2i with i = 1, 2, (17)
8
where t˜1 = t1/2 and t˜2 = t2/2 + tf + t1. ti is the interaction time in each cavity, tf is the
delay time (or free time of flight) between the two interactions and τi is the width of the
corresponding gaussian profile. For the simulation shown in Fig. 4 we have taken ∆ = 0,
gt1 = 1.11, gtf = 0.11, gt2 = 1.57, gτ1 = 0.255, and gτ2 = 0.448 being g the quantum
Rabi frequency at the center of each cavity that, for simplicity, we assume to be the same
for all four cavity modes. Note that the previous parameters have been choosen such that∫ t1
0
ΩB(t)dt = π and
∫ t1+tf+t2
t1+tf
Ω2(t)dt = π. Fig. 4 (a) shows the numerical integration of the
Schro¨dinger equation of the three-level atom successively interacting with the two cavities.
One can clearly see from Fig. 4(a) that for t = t1 the system is completely transfered to the
bright state. Likewise, the second part of the process drawn at the right part of Fig. 4(a)
shows that at the end of the complete process the two cavities become entangled in their
polarization modes according to Eq.(16).
V. MONTE CARLO WAVE FUNCTION SIMULATIONS
In the previous analysis only the coherent interaction of the atom with the modes of the
cavities was considered. However, a realistic study of the feasibility of the present proposal
has to take into account incoherent processes, i.e., dissipation and photon detection.
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FIG. 5: Sketch of the basic optical elements needed for the Bell state analysis of the polariza-
tion entangled photon source. QWP: quarter wave plate; HWP: rotating half wave plate; PBS:
polarization beam splitter, and Di: single photon detector.
We will discuss and characterize the cavity-QED source together with the detection sys-
tem shown in Fig. 5. Let us assume that the quantum efficiency for the detectors is perfect
(η = 1). Two kinds of dissipative processes will be considered: (i) Spontaneous atomic
9
decay from the two optical transitions |a〉 to |c〉 and |b〉 to |c〉 at the common rate Γ and
(ii) cavity decay of the photons through the mirrors and the irreversible process of their
detection. Since η = 1, the parameters κ1± = κ2± ≡ κ will denote the mirror transmission
coefficients that, for simplicity, we take the same for all four cavity modes.
To account for these dissipative processes one could consider either the Liouville equation
for the density operator of the system or the Monte Carlo wave function (MCWF) formalism.
In particular, the MCWF formalism is interesting at least for two reasons [25]: (i) in the
MCWF treatment of a system belonging to a N dimensional Hilbert space the number of
real variables is 2N−1 while the density matrix has N2−1, and (ii) it provides new insights
into the underlying physical mechanisms. In what follows we will use the MCWF formalism.
The time evolution of the system, a so-called quantum trajectory, will be calculated
by integrating the time-dependent Schro¨dinger equation with the non-hermitian effective
Hamiltonian Heff :
Heff = H − i
∑
i=1,2
κ
2
(a†i+ai+ + a
†
i−ai−)− i
Γ
2
∑
j=+,−
S†jSj (18)
This Hamiltonian includes dissipation due to spontaneous decay of the atom at a rate Γ as
well as cavity decay at a rate κ.
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FIG. 6: System evolution in presence of dissipative processes obtained averaging over many MCWF
simulations with |ψ(0)〉 = |I〉. Manifolds ξ1−, ξ1+ and ξ0 become populated due to dissipative
processes. The parameter setting is: (a) Γ = 0.05g, κ = 0.1Γ, ∆ = 0, and (b) κ = 0.03g, Γ = 0.1κ,
∆ = 0. The rest of parameters are the same as in Fig. 4.
A quantum trajectory will consist of a series of continuous coherent evolution periods
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interrupted by quantum jumps occurring at random times. Averaging over many realiza-
tions of these quantum trajectories reproduces the ensemble results of the density matrix
equations. The probability dp that a quantum jump occurs in a time dt is dp =
∑
nGnpndt
where Gn is the sum of the rates associated to all incoherent processes departing from state
n with population pn. This summation is extended to all populated states. The time inter-
val dt ≪ G−1n is choosen to assure that at most one quantum jump process occurs in this
interval. At each interval dt of time, a pseudo-random number ǫ ∈ [0, 1] is used to determine
whether a quantum jump takes place. For ǫ ≥ dp no quantum jump occurs and the system
evolves, after renormalization of the system wave function, according to the Schro¨dinger
equation with the non-Hermitian effective hamiltonian. In contrast when ǫ < dp a quantum
jump takes place. If so, ǫ will be also used to decide which particular quantum jump pro-
cess occurs proportionally to the rate of this process. The final state of the system will be
fixed by the particular quantum jump that has taken place. Then, the continuous coherent
evolution resumes again as well as the possibility of having more quantum jumps.
Fig. 6 shows the system evolution in the presence of dissipative processes obtained by
averaging over many MCWF realizations. In Fig. 6(a), cavity decay is almost negligible and
the dominant dissipative process is spontaneous atomic decay. Therefore, dissipation from
manifold ξ2 occurs only when the system is in the bright state |B〉 since in |I〉 and in |E+〉 the
atom is in its internal ground state. Accordingly, in the central region of Fig. 6(a) population
is pumped into manifolds ξ1− and ξ1+. Once in these manifolds a second dissipative process,
mainly spontaneous emission (cavity decay of photons) at the center (end) of Fig. 6(a), brings
population to the lowest energy manifold ξ0. Clearly, to assure the maximum population of
state |E+〉 it is favourable to reduce tf as much as possible in order to minimize the overall
time that the atom remains excited
On the other hand, in Fig. 6(b) the dominant dissipative process is the cavity decay of
photons, being spontaneous atomic decay almost negligible. Thus, dissipation from manifold
ξ2 occurs during the whole process since all states of this manifold contain at least one
photon. Since states |I〉 and |E+〉 contain two photons while state |B〉 only one, the former
decayes twice faster than the latter. In contrast, dissipation from manifolds ξ1− and ξ1+
occurs mainly when the atom is in state |c〉, since those states in which the atom is excited
have no photons. Consequently, population is significantly pumped out from ξ2 at the
beginning and at the end of the process.
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VI. CHARACTERIZATION OF THE CAVITY-QED SOURCE
Next we will characterize the cavity-QED source through three parameters: (i) the success
probability P of producing the state |E+〉 after sending one atom through the setup, (ii) the
fidelity F , and (iii) the S parameter of the CHSH inequality [26] to quantify the entanglement
capability of the source. Fidelity and S-parameter will be evaluated after post-selection of
events which yield one photon from each cavity. Throughout the analysis we assume that
the quantum efficiency for the detectors is perfect (η = 1). MCWF simulations allows one
to make a statistical analysis to obtain the probabilities of the different physical processes
giving rise to (i) no cavity emitted photons, (ii) a single cavity emitted photon, two photons
emitted from (iii) the same cavity or (iv) from different cavities but in a separable state, and
(v) two entangled cavity emitted photons. In Fig. (7), the probabilities for these processes
to happen are shown for various sets of parameters. The leftmost column corresponds to
the the success probability P of producing an entangled pair of photons after sending one
atom through the cavities. This value is calculated with respect to the full Hilbert space
containing all the possible events (i-v). On the other hand, post-selection of events with
one photon leaving each cavity allows to reduce to the space of two qubits defined by the
polarizations of the photons. Let p2ph be the probability for coincidence photodetection,
i.e., p2ph is the sum of probabilities of events (iv) and (v). After post-selection we calculate
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FIG. 7: Probabilities for the different processes involving photon emission trough the cavity
mirrors and their eventual photodetection. The sets of parameters correspond to κ = 0.2Γ, κ = 2Γ
for Γ = 0.05g, Γ = 0.2κ, Γ = 2κ for κ = 0.5g, and ∆+ = ∆− = 0.
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FIG. 8: Contour plots of (a) the success probability P , (b) the fidelity F and (c) the S parameter
(c). Parameters are the same as in Fig.(4).
the fidelity of the source as
F = 〈E+|ρ|E+〉, (19)
where
ρ = (1− α)1
2
(
a†2+a
†
1−|Ω〉〈Ω|a2+a1− + a†2−a†1+|Ω〉〈Ω|a2−a1+
)
+ α|E+〉〈E+| (20)
is the final density matrix of the system and α = P/p2ph. In addition, we use the S
parameter of the Bell-CHSH inequality [26] to characterize the entanglement capability. In
particular, S = 2
√
2 for maximally entangled states and S =
√
2 for a non-entangled state.
Fig. 8 shows the three figures of merit P , F , and S as a function of cavity decay rate κ and
atomic decay rate Γ. Since photons can leak out the cavities at any time of the process,
while spontaneous atomic decay can occur only when the atom is excited, the loss of photons
becomes the dominant decoherence process. This is reflected in Fig. 8 (a), where the success
probability is smallest in the situation in which the loss of photons is the dominant dissipation
mechanism. On the other hand, the fidelity and the S parameter, calculated after reducing
to the two-qubit space, present a different behavior as seen in Fig. 8 (b,c). The entangled
state |E+〉 as well as states giving rise to a non-entangled pair of photons, can decay only
through the loss of photons since the atom is in the stable state |c〉. Thus F as well as S
become almost insensitive to the spontaneous atomic decay.
So far we have only discussed the completely resonant case ∆+ = ∆− ≡ 0. For certain
experimental imperfections, this condition will no longer be fulfilled. In fact, the presence
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of a stray magnetic field will break the two-photon resonance condition. Assuming that
|a〉 = |J = 1, mJ = +1〉, |b〉 = |J = 1, mJ = −1〉, and |c〉 = |J = 0, mJ = 0〉, a magnetic
field will break the degeneracy between atomic states |a〉 and |b〉, such that the two photon
resonance condition is no longer satisfied, i.e., ∆+ 6= ∆−. The relation between the strength
of a magnetic field and deviation from the two photon resonance condition is given by
h¯∆± = ±µBgJB, with gJ being the gyromagnetic factor, µB being the Bohr magneton, and
gJ = 3/2 for the case chosen here. In this situation, it follows from from Eq. (11) that |I〉
will not only couple to |B〉, but also to |D〉. Thus, the closed two-level picture discussed
before will no longer be valid. In the second cavity |B〉 will couple to |E+〉 while |D〉 will
couple to |E−〉, such that at the end of the process the population will be in a superposition
of the states |E+〉 and |E−〉. Consequently the success probability will be reduced. On
the other hand, a stray electric field will shift the energies of the atomic states |a〉 and |b〉
in a similar way, introducing a single-photon detuning. Then even under the two photon
resonance condition, the population oscillation between |I〉 and |B〉, and between |B〉 and
|E+〉, will not be complete. Thus again the value of P will be reduced. In Fig. (9) the success
probability is calculated as a function of the deviation from the single and the two-photon
resonance condition. To quantify the magnetic field intensity, the vacuum Rabi frequency
has been taken g/2π = 34MHz [18]. Note that the deviation from the two-photon resonance
condition affects the success probability more strongly than a single-photon detuning.
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FIG. 9: Success probability of the entangled photon pair source as a function of the deviation
from the single and the two-photon resonance condition. The parameters are as in Fig.4 with
g/2pi = 34MHz.
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VII. PRACTICAL CONSIDERATIONS
As a guide for the practical implementation of the model under investigation we summa-
rize and comment next the main requirements of our proposal:
(a) A V -type three-level atom-field interaction. A J = 0 ←→ J = 1 transition could be
considered in order to built-up the V -type configuration. Equal Rabi frequencies in each
of the two arms are needed to eventually generate the maximally entangled state |E+〉.
Unbalanced Rabi frequencies will produce partially entangled states. For the optical regime,
88Sr [28] could be considered as a possible candidate since it presents an inter-combination
line 51S0 − 53P1 that spans in two symmetric optical transitions in a V -type configuration.
Note that a Λ-type configuration could be also used, provided one takes a†2+a
†
2−|Ω〉 as the
initial state of the process.
(b) Preparation of the initial Fock-state for the cavity modes. The first step of the proposal
requires to prepare cavity 1 into a well defined Fock state with one photon in each polariza-
tion mode. Such step could be achieved in the microwave regime by projecting the cavity
field, after being entangled with an atom, into a Fock state via ionization measurement of
the state of the atom [29]. In the optical domain, a STIRAP-type procedure by means of a
three-level atom interacting with a strong laser field and the vacuum modes of the first cavity
could be used to prepare the initial Fock state in a similar manner as in the single photon
proposal of A. Kuhn et al. [22]. In our case, however, one should consider the good cavity
limit since the generated photons should remain in the cavity for the the whole entangling
process.
(c) Switching on/off the interaction between the atom and the cavity modes mode. Typically,
in microwave experiments the interaction time is adjusted by sending the atom through the
cavity at a very well controlled velocity. Assuming identical cavities, interaction times in
each of them should differ by a factor t2/t1 =
√
2 which means that a mechanism to switch
on/off the interaction is needed. One possible solution could consist in adjusting the atomic
velocity to the largest interaction time, i.e., t2, and to switch on an electric field producing
a large enough atomic Stark shift on cavity 1 to control and decrease the interaction time
with its cavity modes. Alternatively, one could consider equal interaction times and adjust
the strength of the two interactions to g1 =
√
2g2 via the cavity volumes g ∝ 1/
√
V .
(d) The strong coupling limit. To obtain high P , F , and S values, the strong coupling
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limit given by g ≫ κ,Γ is needed. In particular, taking κ = 0.053g and Γ = 0.08g, which
corresponds to the best combination of atomic and cavity decay rates of state-of-the-art
optical implementations [27, 30], one obtains P = 0.41, F = 0.91 and S = 2.69. On the
other hand, in the microwave regime one would obtain (P ,F ,S) close to the ideal values
(1, 1, 2
√
2) for current experimental parameter values.
VIII. CONCLUSIONS
In conclusion, we have proposed a scheme for the deterministic generation of polarization
entangled photon pairs based on the interaction of a three-level atom with the two oppo-
site circular polarization modes of two high-Q cavities. The entangling mechanism consists
in the implementation of two spatially separated π-Rabi oscillations with the polarization
modes of each cavity. After the interaction with the cavities, the atomic state decouples
from the e.m. field state and the modes of the two cavities become maximally entangled
in their polarization degree of freedom. By using the MCWF formalism, we have analyzed
and characterized this cavity-QED source in presence of decoherence and experimental im-
perfections and discussed some practical considerations for both, the microwave and optical
regimes.
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